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1

A/D CONVERTER AND SENSOR DEVICEL
USING THE SAMEL

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s based upon and claims the benefit of
priority from the prior Japanese Patent Application No.

2016-2335813, filed on Dec. 5, 2016 and the prior Japanese
Patent Application No. 2017-050483, filed on Mar. 15, 2017,
and the prior Japanese Patent Application No. 2017-2183539,
filed on Nov. 13, 2017, the entire contents of which are
incorporated herein by reference.

FIELD

The present invention relates to an A/D converter and a
sensor device using the same. More specifically, the present
invention relates to an A/D converter configured of a suc-
cessive approximation A/D converter and a delta-sigma A/D
converter connected 1n series thereto. Furthermore, the pres-
ent 1nvention relates to a sensor device having the A/D
converter capable of high accuracy, high speed, and low
power consumption.

BACKGROUND

(A Conventional Sensor Device)

FIG. 22 shows a conventional sensor device 100. The
sensor device 100 has a sensor region 110 with unit sensors
111 arranged 1n a matrix with rows and columns which
detect a signal in the nature (sensed signal) and convert this
signal mto an electric signal. The unit sensors 111 are
connected to row selection lines 112 and column selection
lines 113. A vertical (row) operation circuit 130 supplies a
predetermined voltage to one of the row selection lines 112
to select a row of the sensor region 110. The column
selection lines 113 are connected to an A/D converting unit
120. The A/D converting unit 120 includes an A/D converter
column 122 configured with a plurality of A/D converters
arranged 1n columns. Furthermore, as required, a subtraction
amplifier circuit 121 may be inserted between the column
selection lines 113 and the A/D converter columns 122. An
A/D horizontal (column) operation circuit 150 sequentially
selects each column output of the A/D converter columns
122 for transfer to a data output terminal 151 for output. In
synchronization with a clock signal supplied to a clock 1nput
terminal 141 from a clock supply circuit (not shown), a
timing control circuit 140 generates a pulse signal for
controlling each of the vertical (row) operation circuit 130
and the horizontal (column) operation circuit 150.

In synchronization with the clock input, a pulse signal 1s
generated at the timing control circuit 140. With a row
control signal generated at the vertical (row) operation
circuit 130 1n synchronization with the pulse signal, one row
selection line 112 1s activated, and an electric signal of the
unit sensor 111 on the target row 1s taken out to the column
selection line 113. Each column signal line 1s subjected to
A/D conversion at the A/D converting unit 120. The A/D
converting unit 120 may take a structure in which the
subtraction amplifier circuit 121 and the A/D converter
column 122 with unit A/D converters arranged 1n columns.
An output signal from the A/D converting unit 120 is taken
out from the data output terminal 151 with a control signal
generated at the horizontal (column) operation circuit 150.

(An Universal Sensor Read Circuit)
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The sensor requires a read circuit 160. FIG. 23 shows an
umversal sensor read circuit 160. A signal from the sensor 1s
represented as a voltage source or current source. For
example, a resistive pressure sensor using a resistance
change by pressure or the like can detect a change 1n
pressure as a change 1n voltage occurring at a resistor by
letting current tlow through resistor body. Also, a capacitive
pressure sensor using a capacitance change by pressure or
the like can detect a change 1n pressure as a change 1n the
amount of charge by a capacitor. The change in the amount
of charge can be detected as a change 1n voltage by using a
certain capacitor.

The universal sensor read circuit 160 of FIG. 23 has a
sensor 161 (represented as a voltage source) connected to a
power supply voltage V ,, and one end of a transistor M, .
A signal S/H (sample/hold) 1s supplied to the gate of the
transistor M;. A holding capacitor 162 1s connected to the
other end of the transistor M, . A transistor M, 1s connected
between the power supply voltage V., and the holding
capacitor 162. A signal RST 1s supplied to the gate of the
transistor M,. The holding capacitor 162 1s further con-
nected to the gate of a transistor M,. One end of the
transistor M, 1s connected to the power supply voltage V ., ,,
and the other end thereof 1s connected to one end of a
transistor M;. A signal SEL 1s supplied to the gate of the
transistor M5, and the other end i1s connected to a column
current source 163. A read voltage V,, appears at the other
end of the transistor M,.

In FIG. 23, by controlling the gate of the transistor M,
with the signal S/H (sample/hold), the voltage V. of the
sensor 161 1s sampled and held in the holding capacitor 162.
This held voltage 1s buflered at the transistor M, forming a
source follower, and the gate of the transistor M, forming a
switch 1s controlled with the row control signal SEL, thereby
allowing the voltage to be taken out to the column signal
line. The column current source 163 is provided to give a
bias current required for the operation of the transistor M,
forming a source follower. In the circuits of FIG. 23, circuits
other than the column current source 163 are included 1n
cach unit sensor 111 and are arranged 1n a matrix. On the
other hand, the column current source 163 1s connected to
the column selection line 113 for each column.

In this read circuit 160, a gate-source voltage V .. of the
transistor 1s varied due to vanations of a threshold voltage
V - of the transistor M, configuring a source follower, and
thus the signal source voltage V . cannot be accurately read.
Thus, generally, a reference voltage V ... 1s first sent from
a relerence voltage generation circuit (not shown), the
voltage V . including the signal 1s sent next, and a difference
between these two voltages 1s taken, thereby allowing accu-
rate reading of the signal source voltage V.. By using this
correlated double sampling, varniations of the gate-source
voltage V - can be cancelled. Also, influences of 1/1 noise
of the transistor can be suppressed. As a matter of course, 1t
goes without saying that the voltage V . including the signal
may be sent first and then the reference voltage V ... may be
sent next.

(A Slope A/D Converter)

An output from the sensor read circuit 160 1s converted
from an analog signal to a digital signal at the A/D convert-
ing unit 120. FIG. 24 shows a slope A/D converter 170 often
used 1n a CMOS 1mage sensor as a typical sensor device, and
FIG. 25 shows a relation between the input signal and
reference voltage.

The slope A/D converter 170 includes a plurality of unit
A/D converters 171 and a ramp wave generator 172 pro-
vided in common. Each of the plurality of unit A/D con-
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verters 171 includes a comparator 173 and a counter 174. A
ramp wave signal line 177 and a clock signal line 176 are
provided 1 common to the plurality of unit A/D converters
171. An output from the ramp wave generator 172 1s
supplied to the ramp wave signal line 177.

With a ramp wave control signal supplied from V. to a
ramp wave control signal input terminal 179 as a trigger, the
ramp wave generator 172 generates a ramp wave 190 with
its voltage falling in proportion to time. The counter 174
configuring the unit A/D converter 171 starts counting of
clock pulses supplied to the clock signal line 176. The
comparator 173 compares an mnput signal supplied to an
input terminal 178 and a reference signal, which 1s a ramp
wave 190 generated at the ramp wave generator 172. When
the reference signal 1s lower than the input signal (T, ), the
comparator 173 generates a tlag and stops the counter 174.
The counter value at that time represents the input signal
voltage V. , and thus this value 1s taken out at a conversion
output terminal 180 as a conversion output, and the counter
174 1s reset with a reset signal supplied to a reset terminal
181.

This slope A/D converter has a simple structure, a small
differential non-linearity error, compensated monotonicity,
and high robustness. Therefore, the slope A/D converter 1s
widely used 1n a CMOS 1mage sensor.

On the other hand, the slope A/D converter has also many
problems. An example of the problems 1s a tradeoll between
conversion speed and resolution. The time T, represents an
input signal. Thus, when a time usable for conversion 1s T .,
a clock frequency 1 ,, 1n an A/D converter with a resolution
of N bits 1s represented as follows.

JZHFZN/ Irs (1)

It 1s assumed that the number of frames 1s N, the number
of vertical pixels 1s N, reset read and signal read are
performed, and a half of each cycle can be used for A/D
conversion. In this case, the following equation holds.

Trs=l/(ANENY) (2)

Thus, the following equation holds.

f:fk:zNJer Ny (3)

When the number of frames 1s 100, the number of vertical
pixels 1s 2000, and the usable clock frequency 1s on the order
of 2 GHz at maximum, the resolution 1s on the order of 11
bits, which 1s on the order of 68 dB 1n terms of dynamic
range.

The accuracy of the A/D converter 1s determined not only
by the clock frequency, and the comparator 1s also a factor
for determining the accuracy of the A/D converter. The noise
voltage of the comparator 1s on the order of 150 uV to 200
uV, which 1s on the order of 75 dB 1n terms of dynamic
range. Therefore, the dynamic range of the slope A/D
converter 1s 70 dB at the best.

The number of electrons handled by the unit sensor 1s
generally several tens of thousands. Thus, 1f 1t 1s assumed
that the number of electrons 1s thirty thousand and the
holding capacitor 1s 5 1F, the maximum output voltage 1s on
the order of 1 V. The minimum value to a signal to be
detected 1s one electron, and this 1s equivalent to 30 uVv.
Therefore, a necessary dynamic range 1s approximately 90
dB. In the slope A/D converter, it 1s diflicult to achieve a high
dynamic range that the pixel intrinsically has. Thus, in one
sensor device, a higher dynamic range 1s tried to be acquired
by performing correlated double sampling and, as described
above, providing a subtraction amplifier with a gain on the

order of 0 dB to 20 dB wvaniable betore A/DD conversion.
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However, a large capacitor of 10 pF to 20 pF 1s often used
to suppress noise and, as a result, not only an area increase

but also an 1ncrease 1 power consumption 1s mnvited.
Therefore, the A/D converter currently used 1n the sensor
device does not achieve a high dynamic range required for
the sensor at high speed and with low power consumption.
Also, the use of an amplifier causes stationary current to
flow, thereby making 1t diflicult to achieve functions
required for IoT 1n the future, such as applicative variability
of the read speed and intermittent operation (Japanese

Unexamined Patent Application Publication No. 2005-
323331).

SUMMARY

An A/D converter according to one aspect of the present
invention includes an analog iput terminal, a successive
approximation A/D converter connected to the analog mput
terminal, the successive approximation A/D converter for
generating an upper conversion result at an upper conversion
result terminal, the successive approximation A/D converter
having an internal D/A converter generating an internal
reference voltage at an internal reference voltage terminal,
and a delta-sigma A/D converter connected to the analog
input terminal and the internal reference voltage terminal,
the delta-sigma A/D converter for generating a lower con-
version result at a lower conversion result terminal.

An A/D converter of another aspect of the present inven-
tion 1includes an analog input terminal, a differential ampli-
fier having a pair of 1mput signal ends and a pair of output
signal ends, the differential amplifier for generating a dif-
terential voltage by amplifying a differential input voltage of
the pair of mput signal ends at the pair of output signal ends,
a sampling capacitor connected between the analog 1nput
terminal and one of the mput signal end, capacitive D/A
convertors connected to the other input signal end, the
capacitive D/A convertors for generating an internal refer-
ence voltage corresponding to the mput value at the other
input end, the capacitive D/A convertors for performing a
successive approximation A/D conversion, a pair of
switches, the pair of switches for clamping a voltage of the
pair of 1mnput signal ends to a predetermined voltage, and a
pair of capacitors connected to the pair of mnput signal ends,
the pair of capacitors for performing a delta-sigma A/D
conversion.

The above-described A/D converter 1s desired to further
include a pair of capacitors, one terminal of which 1is
connected to the pair of output signal ends, a comparator
connected to another terminal of the pair of capacitors, the
comparator for performing the successive approximation
A/D conversion, an integrator connected to the another
terminal of the pair of capacitors, the integrator for perform-
ing the delta-sigma A/D conversion, and a pair of switches,
the pair of switches for clamping a input voltage of the
comparator and the integrator to a predetermined voltage.

The above-described A/D converter 1s desired to further
include a circuit for controlling an oversampling ratio of the
delta-sigma A/D converter.

In the above-described A/D converter, the delta-sigma
A/D converter 1s a second order delta-sigma A/D converter.

In the above-described A/D converter, a voltage range of
the internal reference voltage 1s 1 LSB or more of the
successive approximation A/D converter and 2 LSB or less
of the successive approximation A/D converter.

In the above-described A/D converter, sampling and A/D
conversion are performed a plurality of times to obtain one
A/D conversion output.
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The above-described A/D converter 1s desired to further
include a controller for rendering the successive approxi-
mation A/D converter to provide the upper conversion result
and then for rendering the delta-sigma A/D converter to
provide the lower conversion result 1n response to the upper 53
conversion result.

In the above-described A/D converter, the delta-sigma
A/D converter has an integrator, the integrator includes a
first switch one terminal of which i1s connected to an
delta-sigma A/D converter input terminal, a first capacitor 10
connected between a reference voltage terminal and another
terminal of the first switch, a second switch connected
between an delta-sigma A/D converter output terminal and
the other terminal of the first switch, a second capacitor
connected between the reference voltage terminal and the 15
delta-sigma A/D converter output terminal, an amplifier
having an 1mput connected to the delta-sigma A/D converter
output terminal and an output, the amplifier amplifying a
voltage at the delta-sigma A/D converter output terminal, a
third switch one terminal of which 1s connected to the output 20
of the amplifier, a forth switch connected between the
delta-sigma A/D converter output terminal and another
terminal of the third switch, a thurd capacitor connected
between the reference voltage terminal and the other termi-
nal of the third switch, and a control circuit repeating a first 25
phase and a second phase, the control circuit rendering, in
the first phase, the first switch and the third switch to turn on
and the second switch and the fourth switch to turn off, and
in the second phase, the second switch and the fourth switch
to turn on and the first switch and the third switch to turn off. 30

In the above-described A/D converter, the amplifier 1s a
dynamic type amplifier.

In the above-described A/D converter, the amplifier
includes first and second output capacitors, a pre-charge
circuit connected to the first and the second output capaci- 35
tors, the pre-charge circuit pre-charging the first and the
second output capacitors; and a discharge circuit connected
to the first and the second output capacitors, the discharge
circuit selectively discharging one of the first and the second
output capacitors in response to a voltage applied to the 40
input of the amplifier.

The above-described A/D converter 1s desired to further
include a circuit for controlling either one of (a) a usage of
the delta-sigma A/D converter, (b) an oversampling ratio of
the delta-sigma A/D converter, (¢) a quantization voltage of 45
the delta-sigma A/D converter, or (d) a conversion energy of
the delta-sigma A/D converter.

In the above-described A/D converter, anoise V, ol the
A/D converter is smaller than a shot noise V, _, of the sensor

The above-described A/D converter is desired to further 50
include a data storage for storing a value corresponding to
(a) the usage of the delta-sigma A/D converter or (b) the
oversampling ratio of the delta-sigma A/D converter, (¢) the
quantization voltage of the delta-sigma A/D converter, or (d)
the conversion energyol the delta-sigma A/D converter. 55

The above-described A/D converter 1s desired to further
include a controller for rendering the successive approxi-
mation A/D converter and the delta-sigma A/D converter to
alternately convert a reference signal and a signal from a
signal source, wherein the controller controls the internal 60
D/ A converter to be supply with a conversion result of a past
reference signal for generating the internal reference volt-
age.
The above-described A/D converter 1s desired to further
include a controller for rendering the successive approxi- 65
mation A/D converter and the delta-sigma A/D converter to
alternately convert a reference signal and a signal from a

6

signal source, wherein the controller controls the internal
D/A converter to be supply with a conversion result of a past
signal from the signal source for generating the internal
reference voltage.

In the above-described A/D converter, when the conver-
s1on result of the past signal from the signal source 1s smaller
than a reference value the controller controls the internal
D/A converter to be supply a conversion result of a past
reference signal for generating the internal reference volt-
age.

A sensor device of still another aspect of the present
invention includes, a sensor detecting a signal 1n the nature
and converting the signal into an electric signal, and an A/D
converter using the electric signal as an input voltage,
wherein the A/D converter includes an analog input termi-
nal, a successive approximation A/D converter connected to
the analog imput terminal, the successive approximation A/D
converter for generating an upper conversion result at an
upper conversion result terminal, the successive approxima-
tion A/D converter having an internal D/A converter gener-
ating an 1nternal reference voltage at an internal reference
voltage terminal; and a delta-sigma A/D converter connected
to the analog mput terminal and the internal reference
voltage terminal, the delta-sigma A/D converter for gener-
ating a lower conversion result at a lower conversion result
terminal.

In the above-described sensor device, the sensor com-
prises a plurality of unit sensors and an operation circuit for

selecting the unit sensor.

In the above-described sensor device, the sensor further
includes a signal source for detecting the signal in the nature,
a reference signal source for supplying a reference signal,
and a transistor for transierring these signals to a holding
capacitor.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a circuit diagram of a sensor device according,
to one embodiment of the present invention;

FIG. 2 1s a diagram for describing operation of a succes-
stve A/D converter according to one embodiment of the
present 1nvention;

FIG. 3 1s a diagram for describing operation of a conver-
s10n step of A/D conversion according to one embodiment of
the present invention;

FIG. 4 15 a graph showing a dynamic range of delta-sigma
A/D conversion according to one embodiment of the present
invention;

FIG. 5 15 a diagram of correlated double sampling accord-
ing to one embodiment of the present invention;

FIG. 6 1s a graph showing a dynamic range of a CMOS
image sensor according to one embodiment of the present
invention;

FIG. 7 1s a circuit diagram of an integrator according to
one embodiment of the present invention;

FIG. 8 1s a diagram for describing operation of the
integrator according to one embodiment of the present
invention;

FIG. 9 1s a diagram for describing operation of the
integrator according to one embodiment of the present
imnvention;

FIG. 10 1s a circuit diagram of a dynamic type amplifier
according to one embodiment of the present invention;

FIG. 11 1s a graph showing operation of the dynamic type
amplifier according to one embodiment of the present inven-
tion;
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FIG. 12 1s a circuit diagram of an integrator for use 1n a
delta-sigma A/D converter according to one embodiment of

the present invention;

FIG. 13 1s a circuit diagram of an A/D converter in a
composite structure according to one embodiment of the
present mvention;

FIG. 14 1s a circuit diagram of an A/D converter in a
composite structure according to one embodiment of the
present mvention;

FIG. 15 1s a circuit diagram of a sensor device according,
to another embodiment of the present invention;

FIG. 16A 1s a table for describing operation of an A/D
converter according to the other embodiment of the present
invention;

FIG. 16B 1s a diagram of a storage region included 1n the
A/D converter according to the other embodiment of the
present mvention;

FIG. 17 1s a graph showing a relation among signal
voltage and shot noise of the image sensor, and resolution
and noise of the A/D converter according to the other
embodiment of the present invention;

FIG. 18 1s a graph showing a relation between signal
voltage and conversion energy of the A/D converter accord-
ing to the other embodiment of the present invention;

FIG. 19 1s a diagram for describing operation of an A/D
converter according to still another embodiment of the
present mvention;

FIG. 20 1s a graph showing a relation between internal
reference voltage and charge variation amount of the A/D
converter according to the other embodiment of the present
invention;

FIG. 21 1s a diagram for describing operation of an A/D
converter according to still another embodiment of the
present mvention;

FIG. 22 1s a circuit diagram of a conventional sensor
device;

FIG. 23 1s a circuit diagram of a umit sensor of the
conventional sensor device;

FIG. 24 1s a circuit diagram of a slope A/D converter of
the conventional sensor device; and

FIG. 25 1s a graph showing operation of the slope A/D
converter of the conventional sensor device.

DESCRIPTION OF EMBODIMENTS

(A Sensor Device and A/D Converter Using Therefor)

FIG. 1 shows a sensor device 10 according to one
embodiment of the present invention. The sensor device 10
includes a sensor 12 recerving a signal 11 in the nature, a
successive approximation A/D converter 20, and a delta-
sigma A/D converter 30. The successive approximation A/D
converter 20 includes a comparator 21, an internal D/A
converter 22, and a control logic circuit 23.

The signal 11 in the nature 1s converted at the sensor 12
into an electric signal V ., which 1s supplied to the succes-
sive approximation A/D converter 20 for successive con-
version, and an upper conversion value D, 1s supplied to an
upper conversion value terminal 13. Next, a diflerential
voltage between the electric signal V., from the sensor 12
and an internal reference voltage V nrrrrny generated by
the internal D/A converter 22 1s supplied to the delta-sigma
A/D converter 30 for A/D conversion. A conversion value
from the successive approximation A/D converter 20 1is
taken as the upper A/D conversion value D,,, and a conver-
sion value from the delta-sigma A/D converter 30 1s taken as
a lower conversion value D,, which 1s supplied to a lower
conversion value terminal 14. The upper conversion value

10

15

20

25

30

35

40

45

50

55

60

65

8

D,, and the lower conversion value D, are combined
together to acquire an entire A/D conversion value [D, D), ].

(A Successive Conversion Step)

FIG. 2 shows the state of the input voltage V ,.,as a sensor
output and 1nternal reference voltages V o 10 Vo 24
for each conversion step of the successive approximation
A/D converter 20. By way of example, the resolution of the
successive approximation A/D converter 20 1s assumed to be
four bits. In addition, the mput voltage 1s assumed to be
11.5/16 with respect to a full-scale voltage V ...

In the conversion step for the first bit, the internal D/A
converter 22 outputs a half of the full-scale voltage V.. as
the internal reference voltage V »-7~;. This internal refer-
ence voltage V-~ and an input voltage V,,, are com-
pared with each other. In this example, as the mput voltage
V., 1s higher than the V,,,,» -, the successive approxima-
tion A/D converter 20 outputs 1. In conversion for the next
second bit, based on the conversion result for the first bit, the
internal D/A converter 22 outputs three quarters of the
tull-scale voltage V.. as the internal reference voltage
V vrerers- 10 this case, as the mput voltage V., 1s lower than
the V -z, the successive approximation A/D converter
20 outputs 0. In conversion for the next third bit, based on
the conversion result for the second bit, the internal D/A
converter 22 outputs five eighths of the full-scale voltage
V . as the internal reference voltage V ,,r»~~5. In this case,
as the mput voltage V.., 1s higher than the V ,;7nzr1, the
successive approximation A/D converter 20 outputs 1. In
conversion for the next fourth bit, based on the conversion
result for the third bit, the internal D/A converter 22 outputs
11/16 of the full-scale voltage V . as the internal reference
voltage Vv rnzrq 1N this case, as the mput voltage V., 1s
higher than the V% =4, the successive approximation A/D
converter 20 outputs 1. Therefore, the upper A/D conversion
value D,,1s 1011.

(A Delta-sigma Conversion Step)

After successive approximation A/D conversion, the input
voltage V., supplied from the sensor 12 and the internal
reference voltage V . rnzrrny 10r lower A/D conversion gen-
erated at the internal D/A converter 22 are both supplied to
the delta-sigma A/D converter 30. In this example, the input
voltage V,,, supplied from the sensor 12 1s 11.5/16 of the
tull-scale voltage V.. and the internal reference voltage
Vovrrera (¥ vreeenr) generated at the internal D/A con-
verter 22 1s 11/16 of the full-scale voltage V -, therefore a
differential voltage 1s 0.5/16. The delta-sigma A/D converter
30 performs delta-sigma A/D conversion 1 a conversion
range equivalent to 1 LSB of the successive approximation
A/D converter 20 or a conversion range with an overlap on
the order of 1 LSB added thereto, thereby acquiring the
lower conversion value D,. In FIG. 2, 32 denotes the
internal reference voltage V .- --r; generated at the inter-
nal D/A converter 22, 33 denotes a voltage range of 1 LSB
of the successive approximation A/D converter 20, and 31 1s
a conversion range of the delta-sigma A/D converter 30.

FIG. 3 1s a diagram for describing operation of a conver-
s10n step of A/D conversion according to one embodiment of
the present invention. First, N-bit successive approximation
A/D conversion 1s performed, and then delta-sigma A/D
conversion 1s performed successively M times.

(Operation and Effect of Present Embodiment)

By performing this A/D conversion as described above, a
high dynamic range and high-speed A/D conversion can be
simultaneously achieved. A dynamic range DR acquired 1s
represented by the following equation.

DR/2)2V-17 QL+ 1) (Mim)* ! (4)
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Here, L 1s an order of an integrator, and M 1s an oversam-
pling count.

FIG. 4 shows a dynamic range acquired with respect to a
conversion count M of delta-sigma A/D conversion, with a
resolution N 1n a second order delta-sigma A/D converter
taken as a parameter. When a target dynamic range 1s

assumed to be 90 dB, M 1s 100 when only the delta-sigma
A/D converter 1s used. However, 1n combination with the
s1X-bit successive approximation A/D converter of the pres-
ent invention, M=20 can be achieved. Even i1 an overlap of
1 LSB 1s provided, M=30 can be achieved. The conversion
time of the successive A/D converter 1s extremely shorter
than that of the delta-sigma A/D converter, and power
consumption of the successive A/D converter 1s also
extremely small. Thus, a conversion count ratio can be
thought as representing a ratio between speed and power
consumption. Therefore, in the present invention, by com-
bining the successive A/D converter and the delta-sigma
A/D converter, the conversion speed 1s improved three times
to five times, and also power consumption can be reduced by
one thirds to one fifths.

In addition, with the use of delta-sigma A/D conversion,
low noise 1 a signal band of a comparator i1s sufliciently
suppressed by the noise shaping eflect, and thus does not
inhibit achievement of a high dynamic range.

Furthermore, with the use of oversampling, kT/C noise of
capacitors included in the circuit 1s decreased to A times

(A<1).

A=1/M*"? (5)

For example, A=0.22 when M=20, and X=0.18 when
M=30. Thus, the capacitors required for acquiring the same
dynamic range can be reduced by one fourths to one fifths.

In the specifications desired 1n the sensor device, a desired
dynamic range may often vary. In this case, 1n the present
embodiment, as represented in Equation (4), the oversam-
pling ratio M of the delta-sigma A/D converter 1s changed,
thereby easily changing the dynamic range to be achieved.
To change the oversampling ratio M, 1t 1s required to set a
conversion count, a word length of a decimation filter, and
a number for standardizing the acquired A/D conversion
value. The present embodiment includes setting means for
this.

The delta-sigma A/D converter 30 uses a so-called 1ncre-
mental delta-sigma A/D converter which acquires an A/D
conversion value with a finite conversion count. Regarding
its order, 1t has been known that a second order delta-sigma
A/D converter can achieve the highest dynamic range.
Therefore, 1t 1s appropriate to use the second order delta-
sigma A/D converter.

As can be seen from FIG. 2, the A/D conversion range of
the delta-sigma A/D converter 30 requires at least a voltage
range equivalent to 1 LSB of the successive approximation
A/D converter 20. However, 1n actual conversion, due to
voltage varniation factors such as noise and voltage drift, an
overlap voltage 1s required for widening the A/D conversion
range of the delta-sigma A/D converter 30 more than 1 LSB
of the successive approximation A/D converter 20. How-
ever, 1I thus overlap voltage 1s too large, the quantization
voltage of the delta-sigma A/D converter 30 1s increased,
and the dynamic range achievable at the same oversampling
ratio M 1s decreased. Thus, an overlap voltage 01 0.5 LSB on
cach of an upper side and a lower side 1s appropriate, also
in consideration of system simplification. Therefore, the A/D
conversion range of the delta-sigma A/D converter 30 1s
desirably 1 LSB or more of the successive approximation
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A/D converter 20 and 2 LSB or less of the successive
approximation A/D converter 20.

In A/D conversion, signal sampling is required. Sampling,
however, causes k1/C noise to occur, thereby decreasing the
dynamic range of A/D conversion. Sampling M times
increases the dynamic range in proportion to the square root
of M, as represented 1n Equation (5). Thus, to increase the
dynamic range, 1t 1s effective to perform signal sampling and
A/D conversion a plurality of times.

Meanwhile, there 1s a method of performing A/D conver-
sion by combining the successive approximation A/D con-
verter and the delta-sigma A/D converter. In this method,
after the mput signal 1s sampled, successive approximation
A/D conversion 1s performed. After the successive approxi-
mation A/D conversion, the delta-sigma A/D converter 1s
operated at several clocks or so to acquire a conversion
value, and the input signal 1s sampled at the next timing.
Then, successive approximation A/D conversion 1s per-
formed. After the successive approximation A/D conversion,
the delta-sigma A/D converter 1s operated at several clocks
or so to acquire a conversion value. The use of this method
for A/D conversion 1s required when an iput signal signifi-
cantly varied with time. However, when temporal variation
of the electric signal from the sensor 1s small or when the
clectric signal from the sensor has been already sampled,
instead of using the above-described A/D conversion
method, an A/D conversion method 1s used in which suc-
cessive approximation A/D conversion 1s {irst performed and
a differential voltage between this conversion value and the
internal reference voltage generated by the internal D/A
converter 1s supplied to the delta-sigma A/D converter a
plurality of times for A/D conversion. With this method, a
delta-sigma conversion count per unit time, that i1s, the
oversampling count M, can be more increased, and thus a
higher dynamic range can be acquired. Furthermore, unnec-
essary successive approximation 1s not required, and thus
lower power consumption can be achieved.

However, when successive approximation A/D conver-
s10n 1s first performed and a differential voltage between this
conversion value and the internal reference voltage gener-
ated by the internal D/A converter 1s supplied to the delta-
sigma A/D converter for A/D conversion, performing a
process as described below M times 1s more effective. That
1s, an electric signal from the sensor 1s sampled 1n synchro-
nization with the operation clock of the delta-sigma A/D
converter, and the internal D/A converter of the successive
approximation A/D converter 1s operated to immediately
generate and supply a differential voltage with respect to the

internal reference voltage to the delta-sigma A/D converter
for A/D conversion. This can more reduce kT/C noise
occurring at the time of sampling, as represented in Equation
(3).

(Correlated Double Sampling)

In the sensor device 10 of the present embodiment of the
present invention, correlated double sampling can be used as
shown 1n FIG. 5. That 1s, to inhibit an offset voltage and
voltage drift of a signal transier circuit, a reference signal 1s
first sent, then a voltage including the signal 1s sent, and a
difference therebetween 1s taken as a true signal voltage.
This 1s generally performed at an analog subtractor, and a
variable-gain amplifier on the order of O dB to 20 dB may
be used. In the A/D converter of the present invention,
however, since the dynamic range 1s high, a signal V(1)
as a reference 1s subjected to A/D conversion at a timing 11,
then a voltage V_(n) including the signal 1s subjected to A/D
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conversion at a timing T2, and a difference between their
conversion values 1s taken to acquire a true signal voltage
conversion value V (n).

For this reason, 1t 1s not required to use an amplifier with
a large area and large power consumption where a stationary 5
current flows. Thus, the present invention 1s superior 1n both
area and power consumption, and can easily achieve adap-
tive varnability of the frame rate and intermittent operation.

In the above description, the reference signal 1s first sent,
and then the voltage including the signal 1s sent. It goes 10
without saying that, however, the structure may be such that
the voltage including the signal 1s first sent and then the
reference signal 1s sent. Therefore, the present invention 1s
suitable for a sensor device requiring a high dynamic range.

(An Example in Which Present Invention 1s Applied to 15
CMOS Image Sensor)

By way of example, a CMOS 1mage sensor 1s described.
The structure of the CMOS 1mage sensor 1s 1dentical to the
structure of the sensor device shown in FIG. 22, and
individual A/D converters configuring the A/D converter 20
column 122 correspond to the successive approximation
A/D converter 20 and the delta-sigma A/D converter 30. In
addition, the unit sensor has the same structure as that of the
sensor device shown 1n FIG. 22, and this corresponds to the
sensor 12 of FIG. 1. The above description of the universal 25
sensor read circuit 1s also applied to the present embodiment.

FIG. 6 1s a diagram of a signal dynamic range of the
CMOS 1mage sensor and shot noise as substantial noise. The
number of signal electrons has a range from one to 30000.
Theretfore, the dynamic range 1s approximately 90 dB. The 30
tull-scale voltage 1s often set at 1 V, and thus a voltage per
clectron 1s 30 uV. The number of shot noise electrons n_ has
a relation with respect to the number of signal electrons n as
follows.

n,=n"2 (6) >

In the sensor device of the present mvention, A/D con-
version 1s performed by the delta-sigma A/D converter 1n a
voltage range of 1 LSB of the successive A/D converter.
Here, when the resolution of the successive A/D converter 15 40
assumed to be six bits and the full-scale voltage 1s assumed
to be 1 V,1LSB 1s 16 my. In general, the delta-sigma A/D
converter 1s used for A/D conversion at a signal voltage of
16 mV or smaller. However, 1t 1s known that a diflerential
non-linearity error of the delta-sigma A/D converter 1s 45
almost zero when a one-bit D/A converter 1s used. Therefore,
tavorable characteristics with less noise can be acquired at
a dark level with weak light. When the signal voltage 1s 16
mV or higher, the successive A/D converter 1s used, and
there 1s a possibility that a conversion error of the internal 50
D/A converter 1n use 1s included. However, the differential
non-linearity error of the internal D/A converter 1s generally
on the order of 0.03%, and there 1s a possibility that a
conversion error on the order of 300 uV 1s included. How-
ever, this error may be included 1n a switching voltage of 16 55
mV. Since the shot noise at this point 1s 600 LV, the error 1s
hidden by the shot noise and is at a hardly detectable level.
Therefore, the CMOS 1mage sensor according to the present
invention can achieve favorable imaging characteristics with
less noise from extremely weak light to extremely strong 60
light.

(An Integrator included 1n Delta-Sigma Converter)

FIG. 7 shows an integrator 40 according to one embodi-
ment of the present mvention. The itegrator 40 1s config-
ured of three capacitors C,, C,, and C,, four switches S, S,, 65
S;, and S,, and one amplifier 41. The capacitor C, 1s a
capacitor which mainly retains an input voltage V. . The
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capacitor C, 1s a capacitor which mainly retains a previous
output voltage V_ . The capacitor C, 1s a capacitor which
retains a voltage obtained by amplifying a previous output
voltage V_ _ by A times.

The switch S, 1s inserted between an input terminal
supplied with the mput voltage V, and one end of the
capacitor C,. The other end of the capacitor C, 1s connected
to a reference voltage terminal (ground). One end of the
capacitor C, 1s connected to an output terminal where V_
appears, and the other end of the capacitor C, 1s connected
to the reference voltage terminal (ground). The switch S, 1s
inserted between the one end of the capacitor C, (also one
end of the switch S,) and the one end of the capacitor C,
(also the output terminal). The switch S, 1s 1nserted between
the one end of the capacitor C, (also the output terminal) and
one end of the capacitor C, (also one end of the switch S,).
The other end of the capacitor C; 1s connected to the
reference voltage terminal (ground). An 1mput of the ampli-
fier 41 1s coupled to the one end of the capacitor C, (also the
output terminal), and the switch S; 1s mnserted between an
output of the amplifier 41 and the one end of the capacitor
C;. The switches S, to S, can be configured by a transfer
gate 1n which a P-type transistor and an N-type transistor are
connected in parallel and driven by a control signal 1n a
complementary manner.

A control circuit 42 generates a control signal ¢, for
controlling the switches S, and S; and a control signal ¢, for
controlling the switches S, and S,. In Phase 1, the control
circuit 42 performs control so that the input signal 1is
sampled 1n the capacitor C, and the voltage remaining 1n the
capacitor C, 1s amplified by the amplifier 41 by A times 1n
gain to appear at the capacitor C,. In phase 2, the control
circuit 42 performs control so that a voltage occurring due
to parallel connection of the capacitors C,, C,, and C; 1s
taken as an output. Thus, a voltage at the output terminal 1s
amplified by the amplifier 41.

FIG. 8 and FIG. 9 are diagrams for describing operation
of the itegrator 40 according to one embodiment of the
present invention. In Phase 1, the control circuit 42 renders
the switches S, and S, closed (turn on), and the switches S,
and S, open (turn off). This state 1s shown i FIG. 8. The
input voltage V_ 1s applied to the capacitor C,. A voltage
obtained by amplifying the previous output voltage V__ [n-—
1] by A times 1n gain 1s applied to the capacitor C,. Charges
Q,, Q,, and Q5 accumulated in the capacitors C,, C,, and C,
in this state are represented by the following equations (7-1)
to (7-3), respectively.

=CVy, (7-1)
=0V, n-1] (7-2)
(J3=A4-C3V,,|n-1] (7-3)

Next, 1n Phase 2, the control circuit 42 renders the switches
S, and S, closed (turn on), and the switches S, and S; open
(turn ofl). Here, the three capacitors are all connected 1n
parallel and have a voltage of V__ (n), which 1s represented
by the following equation (8).

QLT

Vour (] = (Q1 + Q2 + Q3) /(C1 + C2 + (3) (8)

=(C1Viu +(Co +A-C3) Vo [ = 1D /(C + Co + (3)

Here, constants are defined by the following equations (9-1)
and (9-2).
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C=(4-1)C; (9-1)

K=C J(C+C,+C}) (9-2)

Then, V_ (1) 1s represented by the following equation (10).

VGHI[H]:VDHI[H_]‘]+KP;;H (10)

That 1s, integrating operation 1s achieved in the circuit of
FIG. 7. The values of the above constants are defined by the
tollowing equations (11-1) to (11-4) by using a unit capaci-
tor C,.

C,=2C,, (11-1)

C,=Cy, (11-2)

C=Cy, (11-3)

A4=3 (11-4)

Then, V_, (1) 1s represented by the following equation (12).

%

QUL

[7]=V.

our[n_l]-l-(l/z) V:in (12)

As described above, 1n the present invention, an integrator
can be configured even without a negative feedback circuait.
The present mnvention can solve the problems of instability
and low-speed operation in the conventional integrator and
can achieve a stable and high-speed integrator.

While a single-phase integrator 40 1s shown in FIG. 7, the
integrator can also be configured to deal with a complemen-
tary signal. In addition, the integrator 40 may include, as
required, an iput bufler or an input amplifier and an output
bufler or an output amplifier.

(A Dynamic Type Amplifier)

In the mtegrator 40 of FIG. 7, a dynamic type amplifier
where a steady-state current does not flow can be used as the
amplifier 41 to obtain a great advantage. Consumption
energy E , of the dynamic type amplifier 1s determined
mainly by charge/discharge current of the output capacitor
C,. Therefore, an 1deal power characteristic can be obtained
such that power consumption i1s proportional to the clock
frequency and, although power 1s consumed to some degree
in high-speed operation, 1f the clock frequency 1s decreased.,
power consumption 1s decreased. Thus, unlike the conven-
tional itegrator, 1t 1s not required to control the bias current
every time the clock frequency 1s changed. In addition, since
no constant-state current flow, an integration circuit operat-
ing with significantly low power consumption can be
achieved.

FIG. 10 shows a dynamic type amplifier 50 according to
one embodiment of the present invention. The drain of an
N-type transistor M, 1s connected to the common source of
N-type transistors M, and M, configuring paired differential
transistors (discharging circuit). A positive mput V_ . 1s
supplied to the gate of the N-type transistor M,, and an
mverting input V. _ 1s supplied to the gate of the N-type
transistor M,. A clock signal CLK 1s supplied to the gate of
the N-type transistor M5, and its source 1s grounded. The
clock signal CLK 1s supplied to both of the gates of P-type
transistors M, and M as loads, and their sources are both
supplied with the power supply voltage V ,, (pre-charging
circuit). The drain of the P-type transistor M, 1s connected
to an inverting output terminal, where the output capacitor
C, 1s present. The voltage V_ . appears at the inverting
output terminal. An N-type transistor M, 1s inserted between
the drain of the P-type transistor M, and the drain of the
N-type transistor M,. The drain of the P-type transistor M4
1s connected to a positive output terminal, where the output
capacitor C, 1s present. The voltage V_ .. appears at the
positive output terminal. An N-type transistor M-, 1s mserted
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between the drain of the P-type transistor M. and the drain
of the N-type transistor M,. An output voltage of a common
voltage detection/control circuit 51 1s supplied to the gates
of the N-type transistors M, and M-. The common voltage
detection/control circuit 51 1s controlled by a control signal
V ~rand also by each of the voltages V_ . and V__.. of the
positive and inverting output terminals.

The operation of the dynamic type amplifier 350 1s
described by using temporal changes of the output voltages
V_ .andV_ . of FIG. 11.

First, the clock signal CLK 1is set at a ground level. In this
state, the N-type transistor M, 1s interrupted, and no current
flows through the N-type transistors M, and M,. As a result,
the output voltages V_ . and V_ _ both become the power
supply voltage V,,,,, and the output capacitor C, 1s pre-
charged at V.

Next, the clock signal CLK 1s raised to a V5, level. The
P-type transistors M, and M. become unconductive, and the
N-type transistor M; becomes conductive. As a result, cur-
rent tlows through the N-type transistors M, and M,. Here,
the common voltage detection/control circuit 31 supplies an
operating voltage so that the transistors M, and M, become
in an ON state. The current ot the N-type transistors M, and
M, acts so as to draw the charge accumulated 1n the output
capacitor C,, thereby decreasing both the output voltages
V__.and V_ . Currents ID, and ID, flowing through the
N-type transistors M, and M, are represented by the follow-
ing equations (13-1) and (13-2), where transconductance 1s

g . 1,18 anaverage current ol ID; and ID,, and AV, =V —
\%

IF1—"

Ip =Ipot&m(AV;,/2)

QLT+

(13-1)

I =Ipo=&m(AV;/2) (13-2)

Theretfore, the output voltages V_ .. and V_ . are repre-
sented by the following equations (14-1) and (14-2).

QLT

(14-1)

Vo= Vop—1Ip1 /Cy (14-2)

A differential gain G, 1s found and represented by the
tollowing equation (15) where AV _ =V, .-V

QLT QLT+ OE—="

Gdzﬂ Vaur/ﬂ Prz'n :gm(I/CL) (15)

Here, an output common voltage V. 1s defined as V ~=

(V,,..+V,.. )2, this 1s represented by the following equa-
tion (16).

Ve=Vop—Ipnct/Cy (16)

When a change of the output common voltage V -~ from the
power supply voltage 1s —AV ., AV . 1s represented by the
following equation (17).

AV =I,.1/C;

When the equation (15) 1s substituted for the equation (17),
the following equation (18) holds.

(17)

Gy =gm(AVe/Ipg) (18)

= (2Ipo/ Ve ) - (AV [ Ipo)

=2AVc [V

Here, V_1s the effective gate voltage (V 55—V 7). Theretore,
the differential gain G, can be achieved by detecting a
common mode voltage and turning off the N-type transistors
M, and M, when the voltage becomes the set voltage V .
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The output voltage after interruption 1s retained. This turning
off 1n the N-type transistors M, and M, 1s controlled by the
common voltage detection/control circuit 51.

The consumption energy Ea of this dynamic type ampli-

fier 1s determined mainly by a charge/discharge current of 5

the output capacitor C,, and 1s represented by the following
equations (19) and (20).

EA2CVop(Vep—Ver) (19)

EJZZ CL VDD& VC: CL VEDGJVEf (20)

Power consumption P, 1s represented by the following
equation (21), where the clock frequency 1s 1-; -

Pi~ferxlbacxCiVopGa Veﬁ‘ (21)

Therefore, an 1deal power characteristic can be obtained
such that power consumption 1s proportional to the clock
frequency and, although power 1s consumed to some degree
in high-speed operation, if the clock frequency 1s decreased,
power consumption 1s decreased accordingly in proportion
to the decrease. Thus, unlike the conventional integrator, it
1s not required to control the bias current every time the
clock frequency i1s changed. In addition, since no steady-
state current tlows, an integration circuit operating with
significantly low power consumption can be achieved. It
goes without saying that intermittent operation can be easily
realized.

(A Connection Mode of Integrators for Use in Delta-
sigma Converter)

FIG. 12 shows a delta-sigma converter 60 according to
one embodiment of the present invention. This includes a
first integrator 61, a second 1ntegrator 62, and a quantizer 63.
As each of the integrators 61 to 63, an integrator 40 shown
in FIG. 7 1s used, and the amplifier 41 included in that
integrator 1s a dynamic type amplifier 30 shown in FIG. 10.
The mput voltage V,, 1s inputted to the first integrator 61. To
the quantizer 63 to which an output from the second inte-
grator 62 1s supplied, a value acquired by adding outputs
from the first integrator and the second integrator together 1s
supplied. In this manner, a so-called feed-forward path 1s
provided for phase compensation.

(An A/D Converter in Composite Structure)

When the delta-sigma converter 60 including the integra-
tor 40 using the dynamic type amplifier 50 according to one
embodiment of the present mvention 1s combined with a
successive approximation A/D converter (SAR ADC), as
described above, a higher-speed, lower-power-consumption
A/D converter can be achieved. A successive approximation
A/D converter 70 uses capacitors and a dynamic comparator.

FIG. 13 shows the A/D converter 70 1 a composite
structure. On a signal line to which an mput terminal
supplied with the mput voltage V., leads, n capacitors are
connected in parallel each at one end, via a switch, where
n=2" when N is a resolution of the successive approximation
A/D converter. Each capacitance value 1s C,. For a voltage
shift of LSB/2 of the successive approximation A/D con-
verter required for delta-sigma A/D conversion, two level
shift capacitors 71 are provided to set the capacitance at
C,/2, with one terminal connected in parallel to the n
capacitors and the other end of one capacitor connected at
the reference voltage V, -and that of the remaining capacitor
connected to the ground in an iitial state. Similarly, for a
voltage shift of +L.SB or —LSB of the successive approxi-
mation A/D converter required as an internal D/A conver-
sion function of the delta-sigma A/D converter for delta-
sigma A/D conversion, two D/A conversion capacitors 72
are provided to set the capacitance as C,,, with one terminal
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connected 1n parallel to the n capacitors and the other end of
one capacitor connected at the reterence voltage V, -and that
of the other capacitor connected to the ground 1n an 1nitial
state. A comparator 74 has a reference voltage ot V, /2.
Initially, a half of the capacitors has 1ts other end connected
at the reference voltage V, . and the remaining half thereot
has its other end grounded.

The mput signal V, 1s applied to parallel connection
points of the capacitors when a switch S/H 1s closed, and 1s
held 1n each capacitor as a charge at a timing when the
switch S/H 1s opened.

In the first A/D conversion, 1n this state, the comparator 74
compares the held input signal vV, and V, /2 with each other
to determine 1 or 0 of a MSB bit. Next, 1in accordance with
this comparison result, a control logic operates, and the other
end of 3n/4 or n/4 capacitors 1s connected to V,_, and the
remaining capacitors are connected to the ground. The
comparator 74 compares the voltage at a common connec-
tion point of the capacitors and V, /2 with each other to
determine a conversion bit of the second bit. Thereafter,
similar operation 1s repeated N times to end successive
approximation A/D conversion operation.

Next, the process proceeds to delta-sigma A/D conversion
operation. First, the mput of the comparator 74 selects an
output of the integrator 73, and the switch of the level shiit
capacitor 1s controlled to switch the other end of the level
shift capacitor from the ground to V,_, thereby achieving an
LSB/2 shift. In addition, by switching from V . to the
ground, a —LLSB/2 shift 1s achieved. In this manner, the input
voltage range 1s appropriately set. In accordance with the
output state of the comparator 74, the other end of the D/A
conversion capacitor 1s switched, thereby allowing delta-
sigma A/D conversion operation to be achieved 1n a voltage-
overlapped state.

In delta-sigma A/D conversion operation, aiter the input
signal 1s sampled once, there are an operation mode 1n which
the mput signal 1s not sampled for each clock and delta-
sigma A/D conversion 1s successively performed and an
operation mode 1n which the input signal 1s sampled for each
clock when the comparator operates. The former operation
mode has advantages that A/D conversion 1s at higher speeds
and operation 1s performed with low power consumption,
but has a problem that kT/C noise induced at the time of
sampling the mput signal cannot be removed. The latter
operation mode has problems that A/D conversion 1s at
slightly low speeds and power consumption i1s slightly
increased, but has an effect that kKT/C noise induced at the
time of sampling the mput signal 1s reduced to 1/oversam-
pling ratio M. Either operation mode can be taken depending
on the specifications of the sensor device. However, at the
time of sampling, when the state of the switch connected to
the capacitors 1s returned to an mitial state, the voltage at the
common connection end of the capacitors is returned to the
input voltage V. . and thus the load capacitance drive of the
iput signal 1s lightened, and the time required for driving
and power consumption are advantageously decreased. After
signal resampling, the state of the switch connected to the
capacitors 1s reset again in accordance with the successive
conversion result, and then delta-sigma A/D conversion 1s
performed. The clock number required for delta-sigma A/D
conversion 1s externally set. When the clock number reaches
a set value, delta-sigma A/D conversion ends, the conversion
result 1s outputted, and the integrator 1s reset. In addition, the
charge of each capacitor 1s reset by a reset switch as
required, and then the state 1s returned to an 1nitial state, and
the process enters successive approximation A/D conversion
operation. The above-described process 1s repeated.
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(A/D Converter in Composite Structure)

FIG. 14 shows an A/D converter 1n a composite structure
for performing correlated double sampling not singly but 1n
combination with analog circuit technology. An A/D con-
verter 80 uses a differential amplifier 81. The differential
amplifier 81 generates, between paired output signal ends, a
differential voltage acquired by amplifying a differential
input voltage at paired input signal ends.

On a signal line to which an input terminal supplied with
the input voltage V. , two D/A conversion capacitors 72 for
delta-sigma A/D conversion with a capacitance of C,/2 are
connected 1n parallel each at one end, via a capacitor C., and
the signal line 1s coupled to one input terminal of a differ-
ential amplifier 81. The other end of one D/A conversion
capacitor 72 for delta-sigma A/D conversion 1s connected at
the reterence voltage V, , and that of the remaining D/A
conversion capacitor 72 for delta-sigma A/D conversion 1s
connected to the ground 1n an 1nitial state. To the other input
terminal of the differential amplifier 81, two D/A conversion
capacitors 72 for delta-sigma A/D conversion with a capaci-
tance of C,/2 are connected 1n parallel, with the other end
of one capacitor connected at the reference voltage V,_-and
that of the remaining capacitor connected to the ground.
Similarly, two level shift capacitors 71 with a capacitance of
C,/2 are provided, with one end connected in parallel to the
D/A conversion capacitors 72 and the other end of one
capacitor connected at the reference voltage V, -and that of
the remaining capacitor connected to the ground in an 1nitial
state. In parallel to the level shift capacitors 71, n capacitors
(capacitive D/A convertors) 79 each configuring a succes-
sive A/D converter are connected each at one end, where
n=2" when N is a resolution of the successive approximation
A/D converter, with the other end of each capacitor having
one connected to the reference voltage V, -and the remain-
ing one connected to the ground 1n an mitiate state. Each
capacitance value 1s C, . A half of the capacitors has 1ts other
end connected at the reference voltage V, .and the remain-
ing half thereotf has its other end grounded.

The paitred input terminals of the differential amplifier 81
are each connected via a switch S, at a common voltage V ..
To the paitred output terminals of the differential amplifier
81, paired capacitors are connected, and are each connected
via a switch S, at the common voltage V .

First, 1t 1s assumed that the switches S, and S, are closed.
The mput signal V. 1s applied to the capacitor C.. Simul-
taneously, a switch of the capacitor 79 configuring a suc-
cessive A/D converter 1s controlled so that BV, -1s equiva-
lently applied to the capacitor. Here, p 1s a proportional
coellicient from O to 1. In the level shift capacitor 71 formed
of two unit capacitors C,/2 and the D/A conversion capaci-
tor 72 for delta-sigma A/D conversion, it 1s assumed that one
capacitor selects V, . and the other capacitor selects the
ground. Since the switch S, are closed, the output voltage of
the differential amplifier 81 1s level-shitted to capacitors C
and an output offset voltage 1s accumulated thereat. Here, the
input signal V, 1s a reset signal V..

Next, the switches S, and S, are opened for A/D conver-
sion. First, a control circuit 75 controls a switch of the
capacitor 79 configuring a successive A/D converter for
successive approximation A/D conversion. After successive
approximation A/D conversion, the process proceeds to
delta-sigma A/D conversion. An input of the comparator 74
selects an output of the integrator 73.

Next, the level shift capacitor 71 1s controlled for level
shift. Then, the D/A conversion capacitor 72 for delta-sigma
A/D conversion 1s controlled for delta-sigma A/D conver-
sion. Compared with the embodiment shown 1n FIG. 13, the
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circuit 1s of not a single end type but a differential type, and
thus more accurate A/D conversion with less distortion or
noise can be performed. To enhance differential capability, 1t
1s desired to match the capacitance of the capacitor C_ and
the total capacitance of the capacitor 79 configuring a
successive A/D converter. Meanwhile, 1n the above-de-
scribed A/D conversion, a signal as a conversion target 1s
kT/C noise and ofiset voltage of a circuit system accompa-
nying signal sampling, and their voltages are subtle. Thus,
the structure can be such that first successive approximation
A/D conversion 1s omitted and A/D conversion 1s performed
only by delta-sigma A/D conversion.

Next, V,, 1s changed to a signal voltage V,, of a sensor
or the like. As with the previous step, the control circuit 75
first controls the switch of the capacitor 79 configuring a
successive A/D converter for successive approximation A/
conversion. After successive approximation A/D conver-
s10n, the process proceeds to delta-sigma A/D conversion.
An mput of the comparator 74 selects an output of the
integrator 73. Furthermore, the level shift capacitor 71 1s
controlled for level shift. Then, the D/A conversion capaci-
tor 72 for delta-sigma A/D conversion 1s controlled for
delta-sigma A/D conversion. From the A/D acquired con-
version value, the A/D conversion value acquired with the
reset signal V.. 1s subtracted to acquire a change of the
signal V. from the reset voltage V¢, thereby achieving
correlated double sampling. In this method, 1t 1s not required
to perform signal sampling a plurality of times or returning
the D/A conversion capacitor to an initial state, and thus
higher speed and lower power consumption can be achieved
in A/D conversion. In addition, as described above, more
accurate A/D conversion can be performed.

(A Control of Delta-Sigma A/D Converter)

The A/D converter of the present invention includes a
successive approximation A/D converter and a delta-sigma
A/D converter. With the conversion result of the successive
approximation A/D converter taken as an upper conversion
result and the conversion result of the delta-sigma A/D
converter taken as a lower conversion result, these are
combined together to acquire an A/D conversion output.
This structure can achieve a low-noise, low-power A/D
converter and a sensor device using this A/D converter.

FIG. 15 shows an A/D converter 90 using a delta-sigma
A/D conversion control mechanism 91 according to one
embodiment of the present invention. Portions common to
those of FIG. 1 are provided with the same reference
numerals, and description of their circuit structures 1s omit-
ted. In the present embodiment, in addition to the structure
shown 1 FIG. 1, the delta-sigma A/D conversion control
mechanism 91 and a setting data storage region 82 are
provided. This structure allows the A/D converter of the
present embodiment to achieve further significantly low
power consumption while maintaining substantial low-noise
characteristics.

The delta-sigma A/D conversion mechanism 91 1s con-
nected to the upper conversion value terminal 13 to which an
output from the A/D converter 1s supplied. Based on the
conversion value, conversion parameters of the delta-sigma
A/D converter are controlled, including (a) the usage of the
delta-sigma A/D converter, (b) an oversampling ratio, (c) a
quantization voltage, and (d) conversion energy (the mag-
nitude of the capacitance of a capacitor element for use).

FIG. 16A 1s a table for describing operation of the
delta-sigma A/D conversion control mechamism 91. By
following the conversion value of the signal voltage V.
appearing at the upper conversion value terminal 13, (a) the
usage of the delta-sigma A/D converter and (b) 1ts oversam-
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pling ratio are switched i accordance with the signal value
V.. Specifically, when V =V1, the delta-sigma A/ con-
verter 30 1s not operated, and only the successive approxi-
mation A/D converter 20 1s operated. When V1>V =V2, the
successive approximation A/D converter 20 1s operated at 11
bits. When V2>V =V3, the successive approximation A/D
converter 20 1s operated at 12 bits. When V3>V =V4, the
successive approximation A/D converter 20 1s operated at 13
bits. When V4>V =V5, the successive approximation A/D
converter 20 1s operated at 14 bits.

FIG. 16B i1s a diagram of the setting data storage region
82. In this region, V1, V2, V3, V4, and V5 are held, which
are thresholds for switching (a) the usage of the delta-sigma
A/D converter and (b) 1ts oversampling ratio. The setting
data storage region 82 1s configured of a non-volatile
memory or volatile register array. The setting parameters
such as V1, V2, V3, V4, and V5 are externally set by an
external terminal 83. For example, the setting parameters are
mputted with command from an output bus of an A/D
converter, and are stored in the setting data storage region
82. In the following example, V1 1s set at 10 mV, V2 at 2.5
mV, V3 at 600 uV, V4 at 150 uV, and V5 at 40 uV.

FIG. 17 shows a relation among the signal voltage V. and
shot noise V., _, of the image sensor, and resolution and
noise V, ofthe A/D converter. When a voltage conversion
gain per electron is G, the signal voltage V_ and the shot
noise V, _, with respect to the number of electrons n are
represented as follows.

V=G (22)

V=G’

M

(23)

The noise V, . of the A/D converter desirably has a
voltage smaller than m times that of the shot noise V,, ,
(n<1). Since n=0.5 1s considered as a desirable value, the
necessary resolution of the A/D converter should be evalu-
ated by using this value. The practical resolution of the
successive approximation A/D converter 1s on the order of
10 bits, and thus only the successive approximation A/D
converter may be used when the signal voltage V_1s 10 mV
or more. However, when the signal voltage 1s smaller than
10 mV, the necessary resolution can be acquired by using the
delta-sigma A/D converter.

On the other hand, increasing the resolution of the A/D
converter and decreasing the noise level invite an increase of
conversion energy of the A/D converter. It 1s known that the
conversion energy E ; of the A/D converter has the following

relation, by using the noise V,, , of the A/D converter.

(24)

E;=K/V, .i°

Here, K 1s a proportional coetlicient. As described above, the
noise V,, ., of the A/D converter desirably has a voltage

Fi

smaller than m times that ot the shot noise V,, _,(n<1). Here,
lf Vﬂ_ad:n Vﬂ_ﬂhﬂ

Vn_ad:]fl (Ge Vs) Ve (25)
Theretore, the following equation can be acquired.
LE~K/MG. V) (26)

The conversion energy E, of the A/D converter 1s
iversely proportional to the signal level V.. That 1s, the
lower signal voltage requires higher conversion energy.

FIG. 18 shows the required conversion energy with
respect to the signal voltage V _and the resolution of the A/D
converter. When the signal voltage V_1s 10 mV or higher, a
successive approximation A/D converter with a resolution of
10 bits 1s used, requiring only low conversion energy on the
order of 8 pJ. When the signal voltage 1s lower than 10 mV,
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a delta-sigma A/D converter 1s used, thereby acquiring a
high resolution required for noise reduction. However, the
conversion energy 1s mcreased, and large energy consump-
tion as much as 2000 pl 1s required when the signal voltage
1s 100 uV. Therelore, 1f a delta-sigma A/D converter equiva-
lent to 14 bits 1s used so as to be able to acquire a sufliciently
low noise level even when the signal voltage 1s 100 uV,
energy consumption disadvantageously becomes large, as
much as 2350 times when only a successive approximation
A/D converter of 10 bits 1s used.

This problem can be solved by using the delta-sigma A/D
conversion control mechanism 91. In the delta-sigma A/D
conversion control mechanism 91, a successive approxima-
tion A/D converter on the order of 10 bits or 11 bits 1s used
to acquire a conversion value of the signal voltage V_, and
a delta-sigma A/D converter 1s controlled 1n accordance with
the signal level of the signal voltage V . For example, when
the signal voltage V_1s 10 mV (V1) or higher, delta-sigma
A/D conversion 1s not performed, and only the conversion
output value from the successive approximation A/D con-
verter 1s used. Only when the signal voltage V _ 1s lower than
10 mV (V1), delta-sigma A/D conversion 1s performed. In
addition 1 the delta-sigma A/D conversion, the oversam-
pling ratio of the delta-sigma A/D converter 1s controlled by
using the conversion output value of the successive approxi-
mation A/D converter and so forth, control can be performed
so that desirable A/D conversion noise can be acquired with
minimum conversion energy. Conditional branches in this
control are as shown in FIG. 16A.

V1 to V5 should be set so as not to exceed the shot noise
\% It 1s desired that the noise V,, ,, of the A/D converter

sk’ ¥

be smaller than ) times (n<1) of the shot noise V, _,. Since
n=Y is desirable, V1 to V5 should be set so that the noise
V_ .ol the A/D converter does not exceed a half of the shot
noise V, .

In the A/D converter of the present embodiment, when the
signal strength 1s assumed to be uniform to the full scale and
a substantial lower-limit value of the signal 1s assumed to be

100 uV, 1ts conversion energy E ; 1s Tound as follows.

15102 (27)

E, =8x0.99 +8x 10—2f dV, = 8.29(pJ)

1x10~%

That 1s, the conversion energy 1s determined mostly by the
consumption energy of the successive approximation A/D
converter even 1f the delta-sigma A/D converter 1s used, and
a significant increase in power consumption can be inhib-
ited.

(Modified Example of Delta-Sigma A/D Converter Con-
trol)

As described above, i the present embodiment, the
example 1s described in which the use of the successive
approximation A/D converter and the delta-sigma A/D con-
verter 1s switched with V1 and the oversampling ratio of the
delta-sigma A/D converter 1s switched with three thresholds
V2 to V4. However, the number of thresholds 1s not required
to be three, and may be one, two, four or more. In addition,
(c) the quantization voltage and (d) the conversion energy
(the magnitude of the capacitance of the capacitor element
for use) may be switched with V2 to V4. For example, 1n a
region where the signal voltage V. 1s low, the quantization
voltage 1s decreased, and accuracy 1s enhanced while sac-
rificing power consumption. In a region where the signal
voltage V _1s high, the quantization voltage 1s increased, and
accuracy 1s decreased, thereby allowing power consumption
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to be decreased. In addition, it 1s possible to use a large
capacitor element configuring a circuit of an integrator or the
like 1n the region where the signal voltage V _ 1s low and use
a small capacitor element configuring a circuit of an inte-
grator or the like in the region where the signal voltage V _
1s high. In this case, power consumption 1s large 1n the

region where the signal voltage V _ 1s low, but accuracy can
be enhanced.

(The Timing of Resolution Determination)

In the foregoing description, the oversampling ratio and
the quantization voltage of the delta-sigma A/D converter
are controlled 1n accordance with the signal voltage V.. The
signal voltage V_1s acquired by subtracting the reset signal
V.o 1rom the voltage V _ including the signal. However, the
reset signal V,.- 1s at a timing before the voltage V_
including the signal. If the resolution of A/D conversion of
the reset signal V..~ 1s too low, the noise level of the
acquired signal cannot be sufliciently decreased even 1f the
resolution of A/D conversion of the voltage V_ including the
signal 1s sufliciently increased in accordance with the signal
voltage V.

Thus, 1n the present embodiment, as shown 1n FIG. 19,
when a desired reset signal 1s V,..(n), the resolution of its
A/D conversion 1s determined by a signal V_(n-1) at the
immediately previous timing. In FIG. 19, the resolution at
T3 1s determined by the signal V (n-1) at T2.

An 1mage requiring high resolution 1s extremely dark or
has similar signal strengths even 1f the 1image 1s bright to a
degree. Therefore, a large variance does not occur if the
resolution 1s determined by the signal V (n-1) at the imme-
diately previous timing. When the signal strength 1s signifi-
cantly varied depending on the pixel, the resolution 1s on the
order of 10 bits determined by the resolution of the succes-
sive A/D converter. In this state, the noise level does not
pose any problem. In addition, the resolution at the time of
conversion of the reset signal 1s determined by using 1image
correlation. Thus, the resolution may be determined by
using, for example, the signal voltage V_ of an adjacent
pixel.

In the successive approximation A/D converter, when a
capacitive D/A converter 1s used as an internal D/A con-
verter, a variation amount AQ of the charge flowing through
the reference voltage source 1s varied due to the internal
reference voltage V.~ and 1s represented by the fol-
lowing equation.

VINTREF (28)

AQ =

, (VEs — VinTrEF)
FS

Here, C_ 1s a total capacitance value of the capacitive D/A
converter, and V.. 1s a full-scale voltage of the reference
voltage. This state 1s shown 1n FIG. 20. The charge variation
amount AQ 1s at maximum when the internal reference
voltage Vv ~z- 18 @ hall of the full-scale voltage, that is,
0.25 C V... When the charge variation amount AQ) 1s large,
the consumption energy 1s large, and also a vanation of the
reference voltage 1s excited to possibly degrade conversion
accuracy. In particular, 1n the successive approximation A/D
converter, the internal reference voltage V ;7 18 changed
to a half of the full-scale voltage to induce a large charge
variation for MSB conversion.

In the present embodiment, as shown in FIG. 21, succes-
s1ive conversion 1s controlled by using a previous signal such
as a signal at the immediately previous timing. In the signal
V.. serving as a reference, signal at a differential voltage
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V-V o between the power supply voltage V,, and a
gate-source voltage V .. of the transistor M, appears. How-

ever, the gate-source voltage V -« 1s almost uniform, and has
a distribution on the order of approximately 10 mV 1n a
standard deviation. Even i 30 i1s taken by assuming a
normal distribution, the distribution 1s merely on the order of
approximately 30 mV, and the tull-scale voltage V.. 1s on
the order of 1.0 V. Thus, the same value continues up to five
bits or so. In addition, to increase the signal voltage V_ as
much as possible, the signal V.- serving as a reference 1s
set at a reference voltage near 0 V. For example, 1n FIG. 20,
when the signal V.- 1s set at a value on the order of 0.05
with respect to the full-scale voltage V ..., the charge varia-
tion amount AQ at this time 1s suppressed to 0.05, which 1s
one fifths of the charge varniation amount when MSB con-
version 1s performed.

In the embodiment shown in FIG. 21, by using a succes-
sive conversion control signal using data of upper several
bits of the conversion value of the signal V,..{n-1) serving
as a reference at the immediately previous timing as a
previous signal, the internal reterence voltage V .\ ,p (1) 18
directly generated, thereby performing successive conver-
sion on the remaining bits. This can suppress the charge
variation amount AQ) to decrease variations of the reference
voltage, and also can achieve high-speed conversion and
low power consumption.

Furthermore, when the signal voltage V (n-1) at the
immediately previous timing i1s smaller than that of the
reference signal, the fact that there 1s a high possibility that
the signal voltage V (n) 1s also smaller than the reference
value 1s used. When the signal voltage V (n-1) at the
immediately previous timing as a previous signal 1s smaller
than the reference value, by using a successive conversion
control signal using data of upper several bits of the con-
version value of the signal V_(n-1) at the immediately
previous timing, the internal reference voltage V . rn (1) 18
directly generated, thereby performing successive conver-
sion on the remaining bits. This function can suppress
variations of the reference voltage 1n a state 1n which
accurate conversion 1s required. As a result, far more accu-
rate conversion can be performed.

In the above description, a solid imaging device such as
a CMOS 1mage sensor 1s taken as an example. However, the
present invention 1s not only eflective for a solid 1imaging
device, but 1s also eflective for and can be applied to a
two-dimensional sensor device for another purpose, a one-
dimensional sensor device, or a single sensor device. The
sensor 1s not limited to an image sensor, and the present
invention 1s effective also for a temperature sensor, a posi-
tion sensor, a torque sensor, a speed sensor, an acceleration
sensor, a pressure sensor, and so forth.

Furthermore, the sensor and the A/D conversion circuit
are not only monolithically integrated on an integrated
circuit but may be individually manufactured and jointed by
packaging technology or the like.

The A/D converter of the present embodiment 1s not only
combined with a sensor but also, needless to say, can be
applied to various devices which convert a received analog
signal to a digital signal.

INDUSTRIAL APPLICABILITY

The present mvention can be used for achieving high
sensitivity, high accuracy, and low power of a sensor device,
allows a design so as to prevent stationary current from
flowing, and can vary the operation frequency 1n a range of
several digits. In addition, with easy intermittent operation,
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the present mvention 1s useful for, in particular, a sensor
device for IoT (Internet Of Things).

What 1s claimed 1s:

1. An A/D converter comprising:

an analog input terminal;

a successive approximation A/D converter connected to
the analog 1input terminal, the successive approximation
A/D converter for generating an upper conversion
result at an upper conversion result terminal, the suc-
cessive approximation A/D converter having an inter-
nal D/A converter generating an internal reference
voltage at an internal reference voltage terminal; and

a delta-sigma A/D converter connected to the analog input
terminal and the internal reference voltage terminal, the
delta-sigma A/D converter for generating a lower con-
version result at a lower conversion result terminal, the
delta-sigma A/D converter having an integrator,

wherein the integrator comprises:

a first switch, one terminal of which 1s connected to an
integrator mput terminal;

a first capacitor connected between a reference voltage
terminal and another terminal of the first switch:

a second switch connected between an integrator output
terminal and the other terminal of the first switch:

a second capacitor connected between the reference
voltage terminal and the integrator output terminal;

an amplifier having an mput connected to the integrator
output terminal and an output, the amplifier ampli-
fying a voltage at the integrator output terminal;

a third switch one terminal of which 1s connected to the
output of the amplifier;

a fourth switch connected between the integrator output
terminal and another terminal of the third switch;

a third capacitor connected between the reference volt-
age terminal and the other terminal of the third
switch; and

a control circuit repeating a first phase and a second
phase, the control circuit rendering, 1n the first phase,
the first switch and the third switch to turn on and the
second switch and the fourth switch to turn off, and
in the second phase, the second switch and the fourth
switch to turn on and the first switch and the third
switch to turn off.

2. The A/D converter according to claim 1, wherein the
amplifier 1s a dynamic type amplifier.

3. The A/D converter according to claim 2, wherein the
amplifier comprises:

first and second output capacitors;

a pre-charge circuit connected to the first and the second
output capacitors, the pre-charge circuit pre-charging
the first and the second output capacitors; and

a discharge circuit connected to the first and the second
output capacitors, the discharge circuit selectively dis-
charging one of the first and the second output capaci-
tors 1n response to a voltage applied to the mput of the
amplifier.

4. The A/D converter according to claim 1 further com-
prising a circuit for controlling either one of (a) a usage of
the delta- 81gma A/D converter, (b) an oversampling ratio of
the delta-sigma A/D converter, (¢) a quantization voltage of
the delta-sigma A/D converter, or (d) a conversion energy of
{

he delta-sigma A/D converter.

5. The A/D converter according to claim 4, wherein a
noise V,, ,;ot the A/D converter 1s smaller than a shot noise
V,, s, of the sensor.

6. The A/D converter according to claim 4 further com-
prising a data storage for storing a value corresponding to (a)
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the usage of the delta-sigma A/D converter or (b) the
oversampling ratio of the delta-sigma A/D converter, (¢) the
quantlzatlon voltage of the delta-si gma A/D converter, or (d)
the conversion energy of the delta-sigma A/D converter.

7. The A/D converter according to claim 1 further com-
prising a controller for rendering the successive approxima-
tion A/D converter and the delta-sigma A/D converter to
alternately convert a reference signal and a signal from a
signal source, wherein the controller controls the internal
D/A converter to be supply with a conversion result of a past
reference signal for generating the internal reference volt-
age.

8. The A/D converter according to claim 1 further com-
prising a controller for rendering the successive approxima-
tion A/D converter and the delta-sigma A/D converter to
alternately convert a reference signal and a signal from a
signal source, wherein the controller controls the internal
D/A converter to be supply with a conversion result of a past
signal from the signal source for generating the internal
reference voltage.

9. The A/D converter according to claim 8, wherein when
the conversion result of the past signal from the signal
source 1s smaller than a reference value the controller
controls the internal D/A converter to be supply a conversion
result of a past reference signal for generating the internal
reference voltage.

10. An A/D converter comprising:

an analog 1mput terminal;

a differential amplifier having a pair of input signal ends
and a pair of output signal ends, the differential ampli-
fier for generating a differential Voltage by amplifying
a differential mput voltage of the pair of input signal
ends at the pair of output signal ends;

a sampling capacitor connected between the analog 1nput
terminal and one of the mput signal end;

capacitive D/A converters connected to the other input
signal end, the capacitive D/A converters for generating,
an 1nternal reference voltage corresponding to the input
value at the other mput end, the capacitive D/A con-
verters for performing a successive approximation A/D
conversion;

a pair ol switches, the pair of switches for clamping a
voltage of the pair of input signal ends to a predeter-
mined voltage; and

a pair of capacitors connected to the pair of mnput signal
ends, the pair of capacitors for performing a delta-
sigma A/D conversion.

11. The A/D converter according to claim 10, further

comprising;

a pair of capacitors, one terminal of which 1s connected to
the pair of output signal ends;

a comparator connected to another terminal of the pair of
capacitors, the comparator for performing the succes-
s1tve approximation A/D conversion;

an integrator connected to the another terminal of the pair
of capacitors, the integrator for performing the delta-
sigma A/D conversion; and

a pair ol switches, the pair of switches for clamping a
input voltage of the comparator and the integrator to a
predetermined voltage.

12. The A/D converter according to claim 10, wherein the
delta-sigma A/D converter has an integrator, the integrator
comprising;

a first switch, one terminal of which 1s connected to an

integrator mput terminal;

a first capacitor connected between a reference voltage
terminal and another terminal of the first switch;
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a second switch connected between an integrator output
terminal and the other terminal of the first switch;

a second capacitor connected between the reference volt-
age terminal and the integrator output terminal;

an amplifier having an 1mput connected to the integrator
output terminal and an output, the amplifier amplifying
a voltage at the integrator output terminal;

a third switch one terminal of which 1s connected to the
output of the amplifier;

fourth switch connected between the integrator output
terminal and another terminal of the third switch:

a third capacitor connected between the reference voltage
terminal and the other terminal of the third switch; and

a conftrol circuit repeating a first phase and a second
phase, the control circuit rendering, in the first phase,
the first switch and the third switch to turn on and the
second switch and the fourth switch to turn off, and in
the second phase, the second switch and the fourth
switch to turn on and the first switch and the third
switch to turn ofl.

13. The A/D converter according to claim 12, wherein the

amplifier 1s a dynamic type amplifier.

14. The A/D converter according to claim 13, wherein the

amplifier comprises:

first and second output capacitors;

a pre-charge circuit connected to the first and the second
output capacitors, the pre-charge circuit pre-charging
the first and the second output capacitors; and

a discharge circuit connected to the first and the second
output capacitors, the discharge circuit selectively dis-
charging one of the first and the second output capaci-
tors 1n response to a voltage applied to the mnput of the
amplifier.

15. The A/D converter according to claim 10 further

comprising a circuit for controlling either one of (a) a usage

= -

of the delta-sigma A/D converter, (b) an oversampling ratio

= -

of the delta-sigma A/D converter, (¢) a quantization voltage
of the delta-sigma A/D converter, or (d) a conversion energy
of the delta-sigma A/D converter.

16. The A/D converter according to claim 15, wherein a
noise V,_ _ ,of the A/D converter 1s smaller than a shot noise
V. .. of the sensor.

17. The A/D converter according to claim 15 further
comprising a data storage for storing a value corresponding
to (a) the usage of the delta-sigma A/D converter, (b) the
oversampling ratio of the delta-sigma A/D converter, (¢) the
quantization voltage of the delta-sigma A/D converter, or (d)
the conversion energy of the delta-sigma A/D converter.

18. The A/D converter according to claim 10 further
comprising a controller for rendering the successive
approximation A/D converter and the delta-sigma A/D con-
verter to alternately convert a reference signal and a signal
from a signal source, wherein the controller controls the
internal D/A converter to be supply with a conversion result
ol a past reference signal for generating the internal refer-
ence voltage.

19. The A/D converter according to claim 10 further
comprising a controller for rendering the successive
approximation A/D converter and the delta-sigma A/D con-
verter to alternately convert a reference signal and a signal
from a signal source, wherein the controller controls the
internal D/A converter to be supply with a conversion result
of a past signal from the signal source for generating the
internal reference voltage.

20. The A/D converter according to claim 19, wherein
when the conversion result of the past signal from the signal

source 1s smaller than a reference value the controller
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controls the internal D/A converter to be supply a conversion
result of a past reference signal for generating the internal
reference voltage.

21. A sensor device comprising:

a sensor detecting a signal 1n the nature and converting the
signal 1into an electric signal, and

an A/D converter using the electric signal as an input
voltage, wherein the A/D converter comprising:

an analog input terminal;

a successive approximation A/D converter connected to
the analog input terminal, the successive approximation
A/D converter for generating an upper conversion
result at an upper conversion result terminal, the suc-
cessive approximation A/D converter having an inter-
nal D/A converter generating an internal reference
voltage at an internal reference voltage terminal; and

a delta-sigma A/D converter connected to the analog input
terminal and the internal reference voltage terminal, the
delta-sigma A/D converter for generating a lower con-
version result at a lower conversion result terminal, the
delta-sigma A/D converter having an integrator,

wherein the itegrator comprises:

a first switch, one terminal of which 1s connected to an
integrator mput terminal;

a first capacitor connected between a reference voltage
terminal and another terminal of the first switch;

a second switch connected between an integrator output
terminal and the other terminal of the first switch;

a second capacitor connected between the reference
voltage terminal and the integrator output terminal;

an amplifier having an input connected to the integrator
output terminal and an output, the amplifier ampli-
fying a voltage at the integrator output terminal;

a third switch one terminal of which i1s connected to the
output of the amplifier;

a fourth switch connected between the integrator output
terminal and another terminal of the third switch:

a third capacitor connected between the reference volt-
age terminal and the other terminal of the third
switch; and

a control circuit repeating a first phase and a second
phase, the control circuit rendering, 1n the first phase,
the first switch and the third switch to turn on and the
second switch and the fourth switch to turn off, and
in the second phase, the second switch and the fourth
switch to turn on and the first switch and the third
switch to turn ofl.

22. The sensor device according to claim 21, wherein the
sensor comprises a plurality of unit sensors and an operation
circuit for selecting the unit sensor.

23. The sensor device according to claim 22, wherein the
sensor further comprises a signal source for detecting the
signal 1n the nature, a reference signal source for supplying
a reference signal, and a transistor for transferring these
signals to a holding capacitor.

24. A sensor device comprising:

a sensor detecting a signal 1n the nature and converting the

signal 1into an electric signal, and

an A/D converter using the electric signal as an input
voltage, wherein the A/D converter comprising;:

an analog input terminal;

a differential amplifier having a pair of mput signal ends
and a pair of output signal ends, the diflerential ampli-
fier for generating a differential voltage by amplifying
a differential mput voltage of the pair of input signal
ends at the pair of output signal ends;
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a sampling capacitor connected between the analog input
terminal and one of the mput signal end;

capacitive D/A converters connected to the other input
signal end, the capacitive D/A converters for generating,
an 1nternal reference voltage corresponding to the input
value at the other mput end, the capacitive D/A con-
verters for performing a successive approximation A/D
conversion;

a pair of switches, the pair of switches for clamping a
voltage of the pair of input signal ends to a predeter-
mined voltage; and

a pair of capacitors connected to the pair of mput signal
ends, the pair of capacitors for performing a delta-
sigma A/D conversion.

25. The sensor device according to claim 24, wherein the
sensor comprises a plurality of unit sensors and an operation
circuit for selecting the unit sensor.

26. The sensor device according to claim 25, wherein the
sensor further comprises a signal source for detecting the
signal in the nature, a reference signal source for supplying
a reference signal, and a transistor for transierring these
signals to a holding capacitor.
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